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Experimental observation of highly reduced thermal conductivity in surface-roughness dominated
silicon nanowires have generated renewed interest in low-dimensional thermoelectric devices. Using
a previous work where the scattering of phonons from a rough surface is mapped to scattering from
randomly situated localized phonons in the bulk of a smooth nanowire, we consider the thermal
current across a nanowire for various strengths of surface disorder. We use non-equilibrium Green’s
function techniques that allow us to evaluate the thermal current beyond the linear response regime,
for arbitrary cold and hot temperatures of the two semi-infinite connecting leads. We show how
the surface-roughness affects the frequency dependence of the thermal current, eventually leading
to a temperature dependent reduction of the net current at high temperatures. We use a universal
disorder parameter to describe the surface-roughness as has been proposed, and show that the de-
pendence of the net current on this parameter provides a natural explanation for the experimentally
observed differences between smooth vs rough surfaces. We argue that a systematic study of the
thermal current for different values of the temperature difference between the two sides of a surface-
roughness dominated nanowire for various strengths of disorder would help in our understanding of
how best to optimize the thermoelectric efficiency.
I. INTRODUCTION
Efficiency of thermoelectric devices are very sensi-
tive to the thermal transport properties of the device
elements1–3. In particular in low-dimensional systems
where Fermi-liquid approximations break down, a good
charge conductor can also have low thermal conduc-
tion by electrons as required for a good thermoelectric
device4–12. However, heat carried by phonons can be
much larger than heat carried by electrons and there-
fore can seriously reduce the overall efficiency of such
a device. For example, it has been argued that silicon
nanowires with appropriately tuned gate voltages can be
designed to have very high efficiency as well as large
power output13,14, but thermal conduction by phonons
is an independent issue and needs to be studied indepen-
dently. Fortunately, it has been shown experimentally
that if the silicon wires have strong surface disorder, ther-
mal conductivity can be reduced well below the Casimir
limit15–17. Since similar surface disorder is expected to
affect the electrical conductivity only weakly when the
electron mean free path is smaller than the diameter18,
this highlights the importance of surface disorder as op-
posed to bulk disorder in nanowires in the context of
thermoelectricity.
The effect of surface disorder on phonon transport in
nanosystems has been studied numerically using a vari-
ety of techniques19–34 including Monte Carlo and molec-
ular dynamics as well as models using wave-scattering
formalism. Such techniques rely on careful modeling of
realistic surface disorder and its effects on elastic waves
inside the system. A very different approach was pro-
posed in Ref. [35], based on a mathematical mapping of
propagating phonons scattering from the rough surface
of a nanowire to their scattering from randomly situ-
ated localized phonons in the bulk of a smooth nanowire.
This allowed the construction of a simple analytically
tractable model that can provide useful insights into the
nature of the roughness and its effects on the thermal
conductivity. This work was limited to zero tempera-
ture only and coupling of the propagating phonons to
the localized phonons was treated within only the lead-
ing order in perturbation theory. In the present work
we extend this approach to a calculation of the thermal
current in the presence of finite temperature difference
∆T ≡ TL − TR between the left (hot) and right (cold)
lead temperatures TL and TR, respectively; we use non-
equilibrium Green’s function techniques which allow us
to go beyond the linear response regime. In addition,
we also evaluate the relevant non-equilibrium Green’s
functions self-consistently in order to extend the work
beyond the weak coupling perturbative regime. Both ex-
tensions are important in the context of thermoelectricity
in nanowire-based devices. Considering finite ∆T is im-
portant because it has been shown that the efficiency of
a device can be increased significantly in the non-linear
regime13,14, and also because in many practical applica-
tions (like harnessing the waste heat from a hot automo-
bile engine at Thot ∼ 450 K in a cooler surrounding at
Tcold ∼ 300 K) a device must take advantage of the large
temperature difference between the hot and cold leads.
In addition, while the coupling of the propagating phonon
to localized phonons might generally be weak for weakly
disordered systems, a small thermal current needed for
efficient devices requires large surface disorder, which in
turn suggests the need to go beyond the weak coupling
limit.
In order to understand the qualitative features of the
model unambiguously, we consider a simple model with
only one localized phonon. This already captures an
essential experimental observation that surface disorder
leads to a frequency-dependent scattering17. On the ba-
sis of our understanding of the effects of a single localized
phonon, we argue that a systematic measurement of the
frequency-dependent thermal current in such systems can
provide important information about the distribution of
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2FIG. 1: (Color online) A nanowire with surface roughness
connected to leads at different temperatures TL (hot) and TR
(cold). The roughness is characterized by the mean corru-
gation height h, the correlation length lc and the diameter
d.
such localized phonons. This, in turn, would allow more
detailed theoretical predictions for phonon transport in
these systems. Following Ref. [36], we take advantage of
the fact that the effects of surface disorder, characterized
by the mean surface corrugation height h, a roughness
correlation length lc as well as the diameter d of the wire,
can be described by a single combination of the param-
eters. We show how the temperature difference ∆T be-
tween the leads affects the frequency-dependent current
J(ω) as well as the net current Jnet for a given value of
this universal disorder parameter. The non-linear ther-
mal conductance defined as κnl ≡ Jnet/∆T turns out to
be a highly non-linear function of ∆T , and this function
changes with disorder. Thus we show that a linear re-
sponse theory where the thermal conductance is treated
as a constant depending only on the microscopic material
parameters is clearly inadequate for large ∆T .
Although it is difficult to compare our results with ex-
isting experiments, they are qualitatively consistent with
experiments on silicon nanowires with different strengths
of surface disorder15–17. In particular, it provides a nat-
ural explanation for the difference in thermal transport
between smooth vs rough surfaces, e.g. the vapor-liquid-
solid grown (VLS)16 smooth nanowires vs electrolessly
etched (ELE)15 or electron beam lithography defined
(EBL)16 rough nanowires, in terms of the existence of
and the strength of coupling to the localized phonons.
We find that the effects of scattering from the localized
phonons are more pronounced for larger temperature dif-
ference between the leads. We therefore propose that
such effects have a better chance of being observed be-
yond the linear response regime.
II. THEORETICAL MODEL
We consider a nanowire with a fixed length much larger
than the width, connected at the left and right ends to
two semi-infinite leads, as shown in Figure 1. While the
wire along its length has surface disorder, the leads on
two sides are assumed to be ideal, with no disorder. The
left and right leads are kept at different temperatures TL
and TR with TL > TR. We follow Ref. [35] to map this
nanowire with a rough surface to a nanowire with smooth
surface plus localized phonons situated at random po-
sitions in the bulk of the wire. Numerical simulations
of surface-roughness dominated nanowires have indeed
shown the existence of such localized phonons37. An av-
eraging over the random positions leads to a self-energy
for the propagating phonon (incident from the lead) of
the form35
Σintp = Nimp
∑
q,ν
uqu−qdq(ν)Dp−q(ω − ν), (1)
where Nimp is the number of impurities over which
the averaging is done, uqu−q is related to the rough-
ness power spectrum of the surface corrugation, and
dq(ν) and Dp−q(ω−ν) are Green’s functions correspond-
ing to the localized and propagating phonons, respec-
tively. From experiments, the following model for uqu−q
emerges17,35,36:
uqu−q = W0
∆2lc
1 + q2l2c
; ∆ =
h
d
(2)
where the mean corrugation height h, the correlation
length lc and diameter d characterize the strength of
surface disorder and W0 determines the strength of the
coupling of the propagating phonon with the localized
phonon. The propagating phonon Green’s function D
is obtained from the Dyson equation self-consistently,
within the non-equilibrium framework38,
D≶ = DrΣ≶Da (3)
where the superscripts ≶ refer to the lesser and greater
Green’s function D≶ and self energy Σ≶, r and a refer
to the retarded and advanced Green’s functions, and Σ
includes not only the interaction self energy Σint given
in (1) but also the sum of self energies due to the two
leads39.
The non-interacting lesser and greater propagating
phonon Green’s functions without coupling to the leads
are of the form
D0,≶p (ω) = −i2pi [(1 +Np)δ(ω ± ωp) +Npδ(ω ∓ ωp)] (4)
where Np is the number of phonons at momentum p and
we assume an acoustic dispersion relation ωp = vp, v be-
ing the sound velocity. We will use units where v = 1.
Similarly the non-interacting localized phonon Green’s
function without coupling to the leads have a form sim-
ilar to (4) with the propagating phonon frequency ω re-
placed by the localized phonon frequency Ω. We assume
that the localized phonons couple weakly to the leads.
This broadens the delta-function peaks providing a finite
lifetime. Coupling to the leads can be incorporated in
terms of the retarded Green’s function dr(ω) by includ-
ing a self energy for the leads39
d≶q (ν) =
1
2
[
|drq(ω)|2(Σ0≶L (ω) + Σ0≶R (ω))
3+ |drq(−ω)|2(Σ0≷L (−ω) + Σ0≷R (−ω)
]
= −i
[
ΓL(1 +NL(ω)) + ΓR(1 +NR(ω))
(ν ± Ωq)2 + Γ2
+
ΓLNL(ω) + ΓRNR(ω)
(ν ∓ Ωq)2 + Γ2
]
. (5)
Here the subscripts L and R refer to the left and right
leads, respectively. Thus ΓL,R are the widths of the lo-
calized phonon due to the coupling to the left and right
leads, with ΓL + ΓR = Γ. We will assume symmetric
coupling and use ΓL = ΓR. In (5) we have neglected the
contribution to the real part of the self energy, because
the frequency Ωq will be used as a phenomenological pa-
rameter and any shift in its value corresponds simply to
a different choice of the parameter. More importantly,
the lead temperatures define the equilibrium Bose distri-
bution functions:
NK(ω) =
1
eβKω − 1 , K = L,R. (6)
It takes into account the effects of the left and the right
lead temperatures on the localized phonon Green’s func-
tions through the coupling to the leads. This is a sig-
nificant simplification; it allows us to evaluate the non-
equilibrium thermal current with the two leads at two
different temperatures without having to define a non-
equilibrium analog of the temperature inside the central
wire.
Since the localized phonons arise from surface disor-
der, we expect a broad distribution of both Ωq and Γ.
Nevertheless for simplicity, we assume that there is only
one localized phonon, of frequency Ω. This is clearly
a highly simplified model and one might worry that it
would essentially limit the validity of the resulting con-
clusions. However, as we show below, choosing only one
localized phonon allows us to investigate its qualitative
effects unambiguously. It captures the essential feature
of the effect of surface roughness on thermal transport,
namely a frequency dependent scattering rate17. The fre-
quency dependent thermal current calculated later shows
clearly what should be expected if more than one phonon
or even a distribution of localized phonons is included.
Such a distribution is not known at this point. On the
other hand, if experimental measurements are available
for the frequency dependent thermal current, our formu-
lation will allow us to obtain insights into the distribution
which, in turn, can be used to make further predictions.
We find that the correction to the localized phonon
Green’s function due to the interaction with the prop-
agating phonons is negligible, so in our self-consistent
calculation we use only the non-interacting (but coupled
to the leads) form (5). The effect on the propagating
phonon Green’s function of adding leads is incorporated
using a lead self energy Σ(L,R) for left and right leads.
The non-equilibrium current can be written in the form
J(ω) = ω Tr
[
D>C (Σ
<
L − Σ<R)−D<C (Σ>L − Σ>R)
]
(7)
where subscripts L and R refer to the self-energies due to
the left and right leads, respectively, and C refers to the
central region, the nanowire. The Green’s functions D
≶
C
are evaluated self-consistently from the non-equilibrium
Dyson equation (3). The leads are assumed to be ideal,
semi-infinite and in equilibrium, with self energies due to
the coupling to the central region given by
Σ>K = −i(1 +NK)γK , K = L,R
Σ<K =
NK
1 +NK
Σ>K = −iNKγK (8)
where NL,R refer to the equilibrium Bose distributions
(6) at the ideal leads kept in equilibrium at temperatures
TL and TR. We adopt a coupling to the lead γ
K that
takes into account the phonon density of states as well
as any multi-phonon processes as proposed in Ref. [40],
given by
γK(ω) = γK0
(
ω
ωKc
)2
e2(1−ω/ω
K
c ). (9)
Here γK0 is a constant of order 1 and ω
K
c is a constant
(less than the Debye frequency) which is related to the
multi-phonon process. Our qualitative results are not
sensitive to the choices of these parameters. Since the
surface roughness is incorporated as localized phonons
in the bulk, we can approximate our system as a quasi
one-dimensional (1D) wire with 1D dispersion relation,
avoiding a fully two-dimensional calculation that would
be required for any direct phonon surface-roughness in-
teraction model34. We will assume the diameter of the
wire d to be constant for our quasi 1D system, recognizing
the fact that the effect of varying d can not be included
within this approximation. However as suggested in [36],
the effects of the diameter can be incorporated at least
partly by including it in a universal disorder parameter,
which we will discuss later.
We use only the lowest order contribution to the in-
teraction self energy neglecting all crossing diagrams.
However the full Greens functions were evaluated self-
consistently, which includes the leading exchange dia-
gram (1) to all orders. This allows us to go beyond the
weak-coupling perturbative regime.
III. RESULTS
Our main goal is to find the qualitative effects of sur-
face roughness on the total thermal current in the pres-
ence of a finite temperature difference between the two
leads. To gain insights into the nature of the surface
disorder, we first calculate the frequency dependence of
the current, which gives the effect of a single localized
phonon on the thermal current. As discussed above, we
expect a distribution of such localized phonons which we
can not model without experimental inputs. Neverthe-
less as we show below, since the effect of a single localized
4phonon is clearly identifiable, we propose that compar-
ing the single localized phonon with experiments should
give us insights about the nature and properties of the
distribution of localized phonons present in the system.
Our temperatures are measured in units of Debye fre-
quency ωD, with ~ = kB = 1 such that ωD = TD = 2
√
2.
We will choose γK0 = 1 and ω
K
c = 2 in (9). For simplic-
ity we have used the same value of Ω for all our plots,
namely Ω = 1.5. The width Γ on the other hand de-
pends on disorder, and we comment on our choice at the
end of section A. Changing the values of these parame-
ters do not affect the qualitative aspects that we hope to
understand. We will normalize our frequency dependent
current J(ω) with the equilibrium thermal conductance
κ0 at room temperature for the central device, assuming
transmission probability Θ(ω) = 1 in a Landauer for-
mula, given by
κ0 =
∫ ωD
0
dω ω
∂b(ω)
∂T
∣∣∣∣
T=Troom
. (10)
Here the left lead is set at TL = Troom + ∆T , the right
lead at TL = Troom and ∆T → 0.
As mentioned in the Introduction, we can not treat
thermal conductance as a constant for large ∆T . Instead,
we consider the non-linear analog given by
κnl =
Jnet
∆T
; Jnet ≡
∫ ωD
0
J(ω) dω. (11)
The total current Jnet is a function of disorder as well as
the lead temperatures. Therefore the non-linear thermal
conductance will also be a function of not only the disor-
der parameters of the wire, but also the thermodynamic
parameters of the leads.
A. Frequency dependent current
The most important effect of the localized phonon
is to provide a frequency-dependent scattering rate, as
shown (for zero temperature) in [35]. Here we consider
the frequency dependent current for smooth vs rough
nanowires, for different temperatures of the leads.
For simplicity, we assume the phonon-phonon coupling
parameter to be given by W0 = 1. Because of the uni-
versality of the disorder parameter as observed in [36],
the surface roughness can be characterized by a single
dimensionless parameter
ζ ≡
√
lcd
h
(12)
where h is the mean corrugation height, lc is the correla-
tion length and d is the diameter of the wire. Clearly
larger h/d and smaller lc implies higher disorder, so
smaller vales of ζ corresponds to larger strengths of sur-
face disorder. Although we fixed our diameter, we have
kept the diameter dependence in (12) to emphasize that
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FIG. 2: (Color online) Normalized thermal current J(ω)/κ0
as a function of frequency ω for a wire with surface roughness
ζ = 11.3, for various temperature differences ∆T . Tempera-
ture of the left lead TL = 1 in the top panel and TL = 2 in
the bottom panel.
the effects of changing the diameter can be incorporated
in this context within this framework by including it in
the disorder parameter.
In our model, the width of the localized phonon Γ
is an independent phenomenological parameter. How-
ever since it arises from the mapping of the surface
roughness, it also reflects the universality in terms of
disorder, as shown in [36], where it was argued that
Γ ∝ l1/2c d3/2/h = ζd. We have therefore chosen the disor-
der dependence of Γ by using Γ = Γ0ζd where Γ0 depends
on the coupling to the lead. In other words, Γ0 is an in-
dependent phenomenological parameter that determines
how strongly the localized phonon couples to the leads,
but the dependence of Γ on surface disorder is chosen
to reflect the fact that larger disorder (smaller ζ) should
lead to a smaller width Γ. Note that we have a fixed di-
ameter, and for all our calculations we choose d = 64 nm
as a typical diameter in experiments on ELE nanowires,
and Γ0 = 10
−4.
In Figure 2 we show the effects of changing ∆T for two
different values of TL on the frequency dependent current.
For definiteness, in this plot we choose ζ = 11.3 as a
fixed disorder which can be achieved in real experiments.
As noted in [36], experiments on silicon nanowires with
ELE surface disorder15,17 have one sample with h = 2.3,
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FIG. 3: (Color online) Normalized thermal current J(ω)/κ0
as a function of frequency ω for a wire with fixed TL = 2 and
∆T = 1, for various surface roughness parameters ζ.
lc = 8.9 and d = 77.5 in units of nm, corresponding to
ζ = 11.3.
The qualitative features of the overall frequency depen-
dence of J(ω) is easy to understand. The low-frequency
limit can be obtained analytically with Im Σr ∝ ω2 and
D≶ ∝ ω, leading to the current J(ω) ∝ ω3. The high
frequency limit (where the frequency is large compared
to the temperature of the hot lead) is dominated by
the Bose distribution functions. The thermal current in-
creases with increasing ∆T as expected, with maximum
around ω ∼ TL.
The scattering from a localized phonon produces an ex-
pected dip at the localized phonon frequency Ω. Clearly,
if we included many localized phonons, there would be
many dips corresponding to those frequencies. In prin-
ciple, there should be a distribution of frequencies and
one should integrate over that distribution. In the ab-
sence of a microscopic model of the surface roughness,
such details can not be included in our calculation. On
the other hand, our result suggests that experimental ob-
servation of such identifiable or overlapping dips would
provide a better understanding of the distribution of the
localized phonons associated with the surface roughness
in the system. Note that the dips due to the scattering
from a localized phonon become more pronounced with
increasing ∆T . Thus experiments done at various large
values of ∆T would have a better chance of observing the
effect.
Finally, we show the effects of changing the strength
of surface disorder for a fixed set of temperatures in the
leads. Figure 3 shows the thermal current for fixed tem-
peratures of the two leads as the disorder parameter is
changed. We choose TL = 1 and ∆T = 1 for comparison
with previous plots. Note that smaller ζ corresponds to
larger disorder.
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FIG. 4: (Color online) Normalized non-linear thermal con-
ductance κnl/κ0 as a function ∆T with fixed right (cold) lead
temperature TR = 0.1 for various surface roughness parame-
ters ζ.
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FIG. 5: (Color online) Normalized thermal conductance
κnl/κ0 as a function of the right (cold) lead temperature TR
for a fixed ∆T = 1, for various surface roughness parameters
ζ.
B. Non-linear thermal conductance
The linear response theory assumes that the thermal
conductance is a constant, determined entirely by the
properties of the material. We find that the general non-
linear thermal conductance κnl as defined in Eq. (11) is
a non-trivial function of the lead temperatures as well.
In Figure 4 we plot κnl as a function of ∆T . It clearly
shows the non-linearity over a wide range of ∆T which
depends on the strength of disorder and emphasizes the
fact that a linear response theory is not adequate. Clearly
the non-linear regime should be experimentally accessi-
ble, and practically important. Figure 5 shows the effect
of disorder on κnl as a function of the lead temperature
TR for a fixed value of ∆T = 1. The non-interacting
(smooth wire) current keeps increasing at large tempera-
ture, while it either saturates or decreases with increasing
temperature for rough surfaces. The decrease is larger for
larger surface disorder. As shown in [36], even with sur-
face disorder present, a simple Landauer-like formula in
60 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
TR
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
κ
nl
 / 
κ
0 
∆T = 0.5
∆T = 1
∆T = 1.5
∆T = 2 0 1 2 3 4 5TR
0
0.5
1
1.5
2
κ
nl
 / 
κ
0
∆T = 0.5
∆T = 1
∆T = 1.5
∆T = 2
no interaction
ζ =11.3
FIG. 6: (Color online) Normalized non-linear thermal con-
ductance κnl/κ0 as a function of the right (cold) lead temper-
ature TR for a fixed surface roughness parameter ζ = 11.3,
for various values of ∆T . Inset shows the same for a non-
interacting (smooth) wire.
the linear-response regime leads to a saturation of the
thermal conductivity at temperatures much larger than
the localized phonon frequency. The eventual decrease
must therefore arise from the non-linear regime where
the dip is much larger at the localized phonon frequency,
as seen in Figure 2.
Figure 6 shows κnl(T ) as a function of the lead temper-
ature TR for various ∆T , for a fixed value of the surface
roughness parameter ζ. The difference in the resulting
curves show the importance of non-linearity in the ther-
mal conduction and the need for a fully non-equilibrium
calculation that goes beyond the Landauer approach.
It is difficult to compare our results for the highly non-
linear thermal conductance with existing experiments
which are typically done only in the limit ∆T → 0.
One trend that is clear from experiments is that even
in the linear response regime the thermal conductivity in
wires without surface disorder (the VLS wires16) keep in-
creasing with increasing temperature, while it either sat-
urates or decreases in wires with surface disorder (ELE15
and EBL16 wires) at the same temperaure, consistent
with Figure 5. The difference from the non-interacting
case is larger for larger surface disorder, and the results
should be qualitatively valid for a more realistic model
with a distribution of localized frequencies. Experiments
are not currently available for thermal current at large
finite temperature differences for nanowires with rough
surfaces. Since the effects of scattering from localized
phonons are more pronounced at larger ∆T , experiments
done at larger ∆T will have a better chance of observing
the effects of surface disorder.
IV. SUMMARY AND DISCUSSION
We use a previously worked out mapping where the
effects of scattering of phonons from a nanowire with a
rough surface can be considered as equivalent to scat-
tering from randomly situated localized phonons in the
bulk of a smooth nanowire. We use the resulting model
of interaction between propagating and localized phonons
proposed in [35] to evaluate the thermal current between
two ideal semi-infinite leads connecting a nanowire in
the presence of arbitrary temperature differences between
the leads at various surface disorders. We use the non-
equilibrium Green’s function techniques which allow us
to go beyond the linear response regime. The lesser and
greater Green’s functions for the propagating phonons
are calculated self consistently, so that an infinite sum-
mation of the leading non-crossing diagram is included.
We limit ourselves to scattering from a single local-
ized phonon to illustrate the qualitative effects. The
frequency dependence of the thermal current contains
clear signature of scattering from the localized phonon.
We propose that comparing our results with experiments
should lead to an understanding of the distribution of
such localized phonons in nanowires with rough surfaces,
where the roughness can be characterized by a single dis-
order parameter ζ. Such experiments are not yet avail-
able. The effects are more pronounced for larger temper-
ature differences between the two leads, so we suggest
that experiments done in this non-linear regime have
a better possibility of observing them. We find that
κnl = Jnet/∆T is a highly non-linear function of ∆T .
The change in this function with (cold) lead temperature
or with the disorder parameter should be experimentally
observable. Our results explain the difference in the tem-
perature dependence in experiments on nanowires with
smooth vs rough surfaces, the so called VLS vs ELE or
EBL wires. The results also show the importance of go-
ing beyond the linear response regime in the context of
thermoelectric devices. Systematic experimental studies
of the thermal current with different values of ∆T as well
as different strengths of surface disorder characterized by
ζ will be very valuable in understanding the role of local-
ized phonons in the context of thermoelectricity.
In this work we are primarily interested in a qualitative
understanding of the effects of surface disorder on ther-
mal transport. For a more quantitative understanding,
there are several areas where the present calculation can
be improved. For example, in our calculations we only
focus on the contribution of interactions to the imagi-
nary part of the self energy, neglecting all corrections to
the real part. This might be a problem if the correc-
tions are large enough e.g. to move the localized phonon
out of the propagating band. In our phenomenological
model, any such shift is included in the choice of the pa-
rameters. However, with future inputs from experiments,
more realistic values of the parameters for the localized
phonons can be used where corrections to the real part
would be important. In addition, our calculations in-
clude only one localized phonon. Although it already
captures the important qualitative features, inputs from
experiments can suggest possible distribution of frequen-
cies and/or the widths which can be incorporated in the
model. Finally, we have not done a fully two-dimensional
7calculation in order to avoid computational complexity.
We believe that this is not crucial for the present model
where motion perpendicular to the length is included in
the mapping that takes care of the scattering from the
surface. However, it restricts us from obtaining the di-
ameter dependence of the thermal current. It should be
possible to consider a more realistic model of a nanowire
and extend the present calculation to address the above
limitations.
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